INTRODUCTION
Saccharomyces kudriavzevii was formally described from two strains previously isolated from decaying leaves in Japan and deposited at the culture collection of the Institute for Fermentation, Osaka, Japan (IFO, actually NBRC) (Naumov et al., 2000a) . Although this yeast species had never been isolated in Europe, Masneuf et al. (1998) and Groth et al. (1999) reported for the first time the presence of a natural hybrid strain between S. cerevisiae and S. bayanus var.
uvarum (according to Naumov, 2000) or simply S. uvarum (according to Pulvirenti et al., 2000) and containing a mitochondrial genome from S.
kudriavzevii. This strain, CID1, was originally isolated from home-made cider in Brittany, and subsequent studies indicated that this strain was in fact a triple hybrid also containing nuclear genome from S. kudriavzevii (Naumova et al., 2005; González et al., 2006) . González et al. (2006) reported the presence of another triple hybrid in wines and also described a new type of natural hybrids between S. cerevisiae and S. kudriavzevii. After this discovery, different authors have isolated this kind of hybrids among wine and brewing strains in different regions of Europe (Bradbury et al., 2006; Lopandic et al., 2007; González et al., 2008) . Natural hybridization was previously known in the genus Saccharomyces, being S. pastorianus (syn. S. carlsbergensis), a natural hybrid of S. cerevisiae and S. bayanus var. bayanus (also called S. bayanus depending on the author), the best studied example (Vaughan-Martini and Kurtzman, 1985; Vaughan-Martini and Martini, 1987; Kodama et al., 2005; Rainieri et al., 2006) . Hence, hybridization has been suggested to be a common mechanism involved in the evolution of the Saccharomyces genus Sipiczki, 2008; Querol & Bond, 2009) .
A potential explanation to the hybridization between S. cerevisiae and S. kudriavzevii in natural or artificial habitats requires the existence of a European population of S. kudriavzevii. In 2008, Sampaio and Gonçalves isolated S. kudriavzevii from oak bark samples in Portugal during a study on the coexistence of different Saccharomyces species in these habitats. Based on the sequences of the nuclear gene MET6 obtained for two Portuguese isolates, and using the previously reported sequence of the S. kudriavzevii type strain, as well as the sequences of two wine hybrid strains, these authors demonstrated that the allele of S. kudriavzevii detected in hybrids showed a 100% identity with the Portuguese S. kudriavzevii allele, and a divergence of about 2% with respect to the Japanese type strain (Sampaio & Gonçalves, 2008) . Because nucleotide sequence data for hybrid strains are still scarce, genetic comparisons can be only carried out using the sequence of MET6 gene.
Nevertheless, a more complete information about the nature of the S.
kudriavzevii alleles in a representative number of hybrids are available from PCR-RFLP analysis (González et al., 2008) . In this study, alleles different from those found in S. kudriavzevii type strain were detected among wine and brewing hybrids, some of them in all hybrids under analysis. An exhaustive PCR-RFLP analysis of the different S. kudriavzevii genes present in the European populations of this species could be useful to confirm the European nature of the original S. kudriavzevii parental strain.
The aims of this study were to confirm the presence of the species S. kudriavzevii in oaks from the Mediterranean area as well as to obtain more detailed information about the physiological and genetic characteristics of the natural European population of this species and its potential relationships with S. cerevisiae x S. kudriavzevii natural hybrids. Average climatological conditions (precipitations and minimum, maximum and average temperatures) for this month in the different localities are as follows: Agudo, 10 mm, 18ºC, 34ºC, 26ºC; Ludiente, 48 mm, 18ºC, 29ºC, 24ºC; Ansó, 67 mm, 11ºC, 26ºC, 19ºC (taken from the Digital Climatological Atlas of the Iberian Peninsula, Universitat Autònoma de Barcelona, Spain).
MATERIALS AND METHODS

Sampling
Isolation and identification of fermentative yeasts from oak barks. For yeasts isolation from oak bark, we followed the methodology proposed by Sampaio and Gonçalves (2008) . Two bark samples from each oak tree were collected aseptically and introduced into 20 mL sterile flasks containing 10 mL of selective enrichment medium consisting in YNB (yeast nitrogen base; Difco) supplemented with 1% (wt/vol) raffinose and 8% (vol/vol) ethanol. The flasks were subsequently tightly capped. For each oak tree, one sample was incubated at 30°C and the other at 10°C without shaking. Flasks were surveyed periodically for turbidity and gas formation (indicative of fermentation) between the second and fifth weeks of incubation. Samples exhibiting yeast growth (checked microscopically) were plated onto GPY (2% glucose, 0.5% peptone, 0.5% yeast extract, 2% agar) and incubated at the same temperature than the bark samples (10ºC or 30ºC). A representative number of yeast colonies were selected according to their frequencies and morphology and identified by restriction analysis of the region encompassing the ITS1, 5.8SrRNA and ITS2 (5.8S-ITS). For this purpose, yeast DNA was isolated according to standard procedures (Querol et al., 1992) . PCR reactions were performed in 50 μl final volume containing 5 μl of 10x Taq polymerase buffer, 100 μM deoxynucleotides, 1 μM of each primer, 1 unit of Takara Taq polymerase (Shiga, Japan), and 3 μl of DNA diluted to 1-50 ng/μl. PCR amplifications were carried out in a Eppendorf Mastercycler gradient (Netheler, Hinz GmbH, Hamburg) as follows: initial denaturing at 95ºC for 5 min, then 40 PCR cycles with the following steps: denaturing at 95ºC for 1 min, annealing at 55ºC for 1 min, and extension at 72ºC for 2 min; and a final extension at 72ºC for 10 min. Sporulation and spore viability analyses. Sporulation was induced by incubating cells on acetate medium (1% CH 3 COONa, 0.1% Glucose, 0.125% yeast extract and 2% agar) for 5-7 days at 28ºC. Following preliminary digestion of the ascus walls with glucuronidase (Sigma) adjusted to 2 mg/ml, spores were dissected using a Singer MSM Manual micromanipulator in GPY agar plates.
After incubation at 28ºC during 3-5 days, developed colonies (F1) were transferred to the same sporulation medium and incubated for 5-7 days at room temperature. Spores (F2) were dissected as described above. Samples were incubated at -20 ºC during 30 minutes. Cells were washed once with 1 mL of PBS buffer, resuspended in 250 µL of PBS containing 0.1 mg/mL RNAse A and incubated overnight at 37 ºC. After centrifugation in the same conditions, cells were suspended in 500 µL of PBS buffer and sonicated to disrupt aggregates (10 seconds for two times). For cell staining, 5 µL of 50 µg/mL propidium iodine was added to each sample, which were then incubated at 37 ºC during 10 minutes. Yeast cell DNA content was determined using a FACScan cytometer (Becton Dickinson).
Molecular characterization of yeasts.
Mitochondrial DNA restriction analysis. Mitochondrial (mt) DNA patterns were analyzed for both S. kudriavzevii strains and S. cerevisiae x S. kudriavzevii hybrids. Total DNA extraction for mtDNA restriction analysis was performed according to Querol et al. (1992) . Yeast DNA was digested with Hinf I restriction enzyme (Takara Bio Inc., Japan) according to the supplier's instructions and the fragments separated in TAE-containing 1% agarose gels.
Pulsed-field electrophoretic karyotyping. Electrophoretic karyotyping was carried out in agarose plugs (Carle & Olson, 1985) . Chromosomal profiles were determined by the contour-clamped homogeneous electric field technique with a DRIII equipment (Bio-Rad Laboratories). Chromosomes of the S. cerevisiae strain YNN295 (Bio-Rad Laboratories) were used as standard markers. Yeast chromosomes were separated on 1% agarose gels in two steps as follows: a 60-s pulse time for 15 h and then a 120-s pulse time for 11 h, both at 6 V/cm with an angle of 120º. The running buffer used was 0.5X TBE (45 mM Trisborate, 1mM EDTA) cooled at 14ºC.
After electrophoresis, gels were stained with a solution of ethidium bromide 0.5 μg/ml (AppliChem, Darmstadt, Germany) and visualized under UV light.
Restriction analysis of 35 nuclear genes. The detection of the different S.
kudriavzevii alleles was performed by PCR amplification and subsequent restriction analysis of 35 different protein-encoding nuclear genes according to (González et al., 2008) . PCR conditions were the same reported above for the 5.8S-ITS region amplification. In the case of genes ATF1, DAL1, EGT2, KIN82, MNT2, MRC1, RRI2 and UBP7, annealing was performed at 50ºC. For several genes, we used additional restriction enzymes in order to increase the discriminatory capacity of the technique (Supplementary Table 1 ).
Sequencing. One representative sequence was obtained for each new allele detected in Spanish S. kudriavzevii strains according to their RFLP patterns to be compared to the sequences of alleles present in the S. kudriavzevii type strain and the corresponding percentages of similarity were estimated. The new alleles were amplified by PCR as described above, and the PCR products were cleaned with the Perfectprep Gel Cleanup kit (Eppendorf, Hamburg, Germany).
Both strands of the DNA were directly sequenced using the BigDyeTM Table 3 demonstrated that all of them were able to grow on galactose, fructose and maltose, but not on galactitol and trehalose (Table 3) . We also measured their sporulation capabilities as well as their homo/heterothallism in comparison to the Japanese type strain NBRC 1802. All isolates produced abundant tetraspored asci after 15 days of incubation in potassium acetate agar medium.
Ascospores were manually dissected using a micromanipulator and deposited on GPY agar plates. Strikingly, very low spore viabilities were observed in the Spanish isolates compared to the Japanese strain (6%-38% vs. 88%, see Table   4 ).
There are several possible causes that can explain low spore viabilities. These include heterozygosity for translocations, heterozygosity for lethal mutations, autopolyploidy or aneuploidy, reduced sequence homology between homologous chromosomes due to hybridization, the inability or partial ability to undergo recombination in meiosis, as well as some environmental parameters (Johnston et al., 2000) . Results obtained after evaluation of the ploidy of all the four indigenous isolates as well as the type strain NBRC 1802 by flow cytometry reveals that all these isolates were diploids (Table 4) . Subsequently, the F1 viable spores were seeded in sporulation medium and again all cultures produced abundant tetraspored asci, but we only observed a slight increase in spore viability in the F2 generation (Table 4) , which discards the presence of a balanced lethal system.
Pulsed-field gel electrophoresis was then performed to determine the presence of potential heterozygous chromosomal rearrangements. The type strain and its two F1 derivatives were also included in this analysis to check possible chromosomal differences. The Spanish S. kudriavzevii isolates exhibited very similar chromosomal patterns; however, some differences between Spanish yeasts and type strain NBRC 1802 were observed, particularly in those bands corresponding to chromosomes II and XIV (Figure 1 ). Chromosomes II and XIV electrophoretic bands co-migrate in the chromosomal patterns of S. kudriavzevii type strain, but are clearly separated in the patterns exhibited by the Spanish isolates, including the F1 derivatives (Figure 1 ). Something similar is observed for those electrophoretic bands corresponding to chromosomes XVI and XIII, but in this case the electrophoretic separation of these chromosomes is only observed in isolates CR85 and CR89 (and their F1-derived cultures). Minor differences in the mobility of the electrophoretic bands corresponding to chromosomes X and VII/XV were also apparent (Figure 1 ).
To discard a possible hybrid nature of the Spanish S. kudriavzevii isolates not detected in PFGE analysis, we performed a PCR amplification and subsequent restriction analysis of 35 nuclear gene regions according to the methodology developed in our laboratory 2008) . This analysis also allowed us to evaluate the presence of typical European alleles present in Spanish S. kudriavzevii isolates. The restriction analysis of the nuclear genes showed single patterns, corresponding in most cases to those described for the Japanese S. kudriavzevii strain. For some genes, we observed restriction patterns that differed in one single site gain or loss from those exhibited by the S. kudriavzevii type strain NBRC 1802 (Table 5 ). However, most of these patterns were already reported by González et al. (2008) (Table 6) . In all cases, we obtained a high similarity between the sequences of the Spanish (K2 or K3 alleles) and the Japanese (type strain) alleles (K1), ranging from 98.4% to 99.6% (Table 6 ).
But the most interesting result is that we observed alternative restriction patterns (K2 alleles) for genes CYR1, BAS1 and CBT1 in the Spanish S.
kudriavzevii strains, that correspond to alleles present in the natural S. cerevisiae x S. kudriavzevii hybrids (González et al., 2008) . In the case of genes APM3 and BUD14, we found new alleles (K3 and K2, respectively) in the Spanish isolates. However, differences between these new alleles and the K1 alleles present in the type strain were only detected when additional restriction enzymes, not included in the study of González et al. (2008) , were used for the first time. Therefore, the new alleles are derivatives of the corresponding K1 alleles described in González et al. (2008) . After restriction of APM3 and BUD14 genes from hybrids with the additional endonucleases, we could confirm the presence of these new alleles also in the S. kudriavzevii fraction of the hybrid genomes. In the case of BAS1 and MAG2, we also found new alleles only present in one single strain, but they derived by a single restriction site gain/loss from the most frequent allele present in the Spanish isolates. Finally, we also found a new allele (K2) in EUG1 from Spanish strains using the same restriction endonucleases suggested by González et al. (2008) . In this case, this allele has not been found in the natural hybrids described so far (González et al., 2008) , however, recent results in our laboratory showed that this allele is present in newly discovered S. kudrivazevii hybrids (Peris et al., manuscript in preparation).
DISCUSSION
Oak trees, particularly those belonging to the species Q. alba, Q. faginea, Q.
ilex, Q. mongolica, Q. robur, Q. rubra, and Q. velutina, have long been identified as the natural habitat of the yeast Saccharomyces paradoxus (Naumov et al., 1997; Naumov et al., 1998; Sniegowski et al., 2002; Johnson et al., 2004; Yurkov, 2005) . S. cerevisiae (Naumov et al., 1998; Sniegowski et al., 2002; Sampaio & Gonçalves, 2008) , S. uvarum and S. kudriavzevii (Sampaio & Gonçalves, 2008) , have also been associated with oak bark samples. In particular, the Mediterranean oak species Q. faginea, Q. ilex and Q. pyrenaica seem to be the natural reservoirs of S. kudriavzevii (Sampaio & Gonçalves, 2008) .
Based on this previous study, we also succeeded in recovering S. kudriavzevii isolates from oaks from two out of three different areas sampled in Spain.
These new isolates were characterized by physiological and molecular methods, indicating that they are very similar to the Portuguese strains, but different to the Japanese S. kudriavzevii type strain, although these differences are low enough to consider them as two populations, Japanese and European, of the same species.
The molecular characterization, based on the PCR-RFLP analysis of 35 nuclear genes, also showed that the Spanish isolates share identical or very closely related alleles with the S. cerevisiae x S. kudriavzevii natural hybrids present in wines and beer fermentations from Central Europe, which also supports the hypothesis of an European origin for these hybrids.
An important difference between the European and Japanese S. kudriavzevii strains is their spore viabilities, being very low for the Spanish isolates, particularly for those from Ciudad Real. On the contrary, the Japanese type strain is characterized for its high spore viability (see also Naumov et al., 1995) .
The perfect diploidy of the Spanish isolates and the low spore viability observed in the F2 discarded reduced spore viability due to the presence of balanced lethal alleles, heterozygous translocations or aneuploidies. Also, the restriction analysis of 35 nuclear genes revealed that the Spanish isolates are not hybrids, which is another possible explanation for the low spore viability. Other possible causes may be the presence of defective alleles of genes involved in spore development. Whatever the cause, the most important consequence of the low spore viabilities detected among Spanish S. kudriavzevii strains is that asexual reproduction should be predominant, which support the hypothesis postulated by González et al. (2008) that the S. cerevisiae/S. kudriavzevii natural hybrids may have been generated by rare-mating events among diploid cells rather than spore to spore conjugation.
S. kudriavzevii is a cryophilic yeast exhibiting an optimal growth temperature of 25ºC and a growth temperature range between 6 and 32ºC (Sampaio & Gonçalves, 2008; Arroyo-López et al., 2009) . Accordingly, one would expect to isolate S. kudriavzevii with a higher probability in regions of Central Europe with oceanic or continental climates, where maximum temperatures in summertime are lower than 30ºC, and S. cerevisiae x S. kudriavzevii hybrids were isolated, kudriavzevii has not been found so far. In fact, the enological characterization (González et al., 2007) and stress tolerance (Belloch et al., 2008) in hybrid and non-hybrid Saccharomyces strains, showed that S. kudriavzevii is less adapted to fermentation conditions.
Another plausible scenario is hybridization in natural environments of
Mediterranean climate region and colonization of Central Europe fermentation environments. Hybrids can be better adapted to intermediate or fluctuating
conditions present in these areas, due to the acquisition of physiological properties of both parents, which provide a mechanism for selection of hybrids (Zambonelli et al., 1997; Masneuf et al., 1998; Greig et al., 2002; González et al., 2007) . However, these hybrids have not been found either in fermentative environments of Mediterranean regions where S. cerevisiae seems to outcompete any other Saccharomyces species or hybrid, or in the less sampled natural environments where both species coexist.
However, hybridization in natural environments of Central Europe cannot be discarded if oak trees were not the natural habitat for S. kudriavzevii in this region. A similar situation is observed for S. uvarum, a species mainly associated with low-temperature fermentation processes in the production of wines (Naumov et al., 2000b; Rementería et al., 2003; Demuyter et al., 2004; Lopandic et al., 2008) and ciders (Naumov et al., 2001; Coton et al., 2005; Suárez-Valles et al., 2007) in Europe. In this way, the few known natural European isolates of this species have been recovered from insects, mushrooms, and hornbeam (Carpinus betulus) and elm (Ulmus pumila)
exudates (Naumov et al., 2003) but not from oaks. The only report of S. uvarum isolates from oaks is that from Sampaio and Gonçalves (2008) Table 6 . Alternative restriction patterns found in Spanish S. kudriavzevii isolates and S. cerevisiae/S. kudriavzevii natural hybrids. Patterns in bold letters were described for natural S. cerevisiae/S. kudriavzevii hybrid strains by González et al. (2008) and those gray shadowed patterns were detected in the Spanish S. kudriavzevii isolates. Nucleotide similarities between the reference allele of the Japanese S. kudriavzevii type strain NBRC1802
T and those present in the Spanish S. kudriavzevii isolates are given in percentages. Abbreviations: Chr, chromosome; RE, restriction endonuclease; nr, not reported. 
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